We propose a stable TTI acoustic wave equation system by revisiting the anisotropic elastic equations. A VTI equation system which is equivalent to its elastic counterpart is derived and the self-adjoint differential operators in rotated coordinates are introduced to stabilize the TTI acoustic wave equations. Compared with conventional formulations, the new equation system does not add numerical complexity and a stable solution can be found by either a pseudo-spectral or a high-order explicit finite-difference scheme. We show examples that our method provides stable and high quality TTI reverse time migration images.
Introduction
Reverse time migration (RTM) based on directly solving the two-way wave equation provides a natural way to deal with large lateral velocity variation and imposes no dip limitations on the images. It has become a standard migration tool for subsalt imaging in Gulf of Mexico. The recent surge in wide azimuth (WAZ) and multi azimuth (MAZ) data acquisition provides more azimuthal information, which aids significantly in determination of the anisotropy parameters needed to image beneath steeplydipping anisotropic overburdens. This means that reverse time migration needs to handle more general anisotropic media in order to achieve a significant improvement in image clarity.
Most anisotropic imaging involves vertical transverse isotropy (VTI), while tilted transverse isotropy (TTI) is generally overlooked. Shale layering that overlies the dipping salt flanks can cause TTI anisotropy issues. This type of geometry is common in the deep water Gulf of Mexico, particularly around salt withdrawal mini-basins. Ignoring the tilted symmetry not only causes image blurring and mis-positioning of the salt flank, but also degrades and distorts the base of salt and subsalt images.
RTM for isotropic and VTI medium has been routinely used, but the applications of RTM in a 3D heterogeneous TTI medium is still in its infancy. This lag is the result of difficulties in numerical formulations for non-vertical symmetric axes and the subsequent instabilities. The TTI implementation also carries much higher computational costs than those of isotropic and VTI cases.
It has been observed that the conventional TTI pseudoacoustic equations cause instability in practice. To develop a stable TTI RTM, we need to investigate the underlying elastic wave equation system for ways to allow the TTI acoustic equations to include more accurate physics. Fletcher et al. (2009) proposed to add non-zero shear wave velocity terms to overcome the problem. However, their solution adds numerical complexity and increases computational cost. In this abstract, we provide a simple and different solution. We revisit the anisotropic elastic equations and pursue an equivalent TTI acoustic formulation system which preserves physical energy while retaining the kinematics. We then solve the new TTI equation system with a high-order explicit finite-difference method to avoid numerical dispersions. Numerical examples show that our solution provides a stable TTI RTM to meet production needs. We also present a WAZ data example in Gulf of Mexico to show how TTI RTM helps subsalt imaging in complex geologic regions.
Formulations
The conventional anisotropic acoustic wave equation was derived from the following kinematic relation (Tsvankin, 2001) ( ) ( ) where v and 0 v are the phase velocity and the velocity along the symmetry axis, respectively. θ is the phase angle with respect to the anisotropy symmetry axis. ε and δ are the Thomsen dimensionless anisotropy parameters (Thomsen, 1986) . In (1), we assume that the shear wave velocity along the symmetry axis is zero to simplify the relation. We also require δ ε ≥ to avoid non-physical negative shear wave velocities along other directions. 
where q is an introduced auxiliary wavefield to ease numerical computations. To our knowledge, equation system (9) was first published by Duveneck et al. (2008) . It is equivalent to (2) in VTI case only when δ is a constant. However, unlike equation (2) which is derived from a kinematic relation, equation (9) is equivalent to the elastic equation (7) and is guaranteed stable, because it preserves physical energy as equation (7) does. On the other hand, the acoustic VTI equation system (9) is simpler than its elastic counterpart (7), which leads to computational savings in practice.
In the next step, we generalize the VTI formulation (9) to TTI by rotating coordinates to the direction aligned with the symmetry axis, which gives
To achieve stability, the rotated differential operators G . We will show that (10) is a stable equation system for TTI acoustic modeling and migration.
Numerical implementations
Equation (10) , (14) where t ∆ is the descritized time step, I is the identity matrix and
The spatial differential operator matrix A can be computed by either a pseudo-spectral method or an explicit high-order finite-difference method. Since all the differential operators in (14) are first order, a staggered finite-difference scheme is the conventional choice. However, we found that such a scheme requires interpolating the model parameters on different computation grid system, which causes numerical inaccuracy. As a result, a central finite-difference method was developed to calculate the derivatives accurately up to 95% of the Nyquist wavenumbers for all the spatial directions. A tight stability condition for t ∆ was derived for our TTI finite-difference schemes to avoid numerical instability. In addition, t ∆ needs to be chosen at least 5 samples per wavelength to effectively reduce the numerical dispersion along the time direction (Zhang et al., 2007) .
Although the shear wave velocity along the symmetry axis is set to zero, equation (9) still generates shear waves in the other directions, which are present in both modeling and migration as noise (Grechka et al., 2004) . One way to overcome this annoying noise problem is to design a projection filter which is discussed in a separate abstract (Zhang et al., 2009 ).
Examples
The first example is an impulse response test. The anisotropy model was built for a real data project in the Gulf of Mexico. However, the RTM using conventional TTI acoustic equation (2) leads to an unstable image ( Figure 1a ). The instability happens at a corner of the salt body. This was the first time we realized that overcoming instability is an important step in getting TTI RTM into production. After we implemented formulation (10), a stable image was obtained as shown in Figure 1b . This example confirms that our TTI formulation provides a solution to the instability problem. Figure 2 is a WAZ data example in the area of Walker Ridge, Gulf of Mexico. We tested our TTI RTM in an area with a dipping mini-basin. To make a fair comparison, both isotropic and anisotropic tomography were applied to build the isotropic and TTI model separately, and then the data was migrated with isotropic and TTI RTM. It is clear that TTI RTM produced a better image than isotropic RTM did, particularly along the steeply dipping salt flanks and the subsalt region underneath the mini-basin. This example illustrates that by incorporating azimuthal information from WAZ data, a TTI RTM brings advantages to seismic imaging over the conventional isotropic RTM.
Conclusions
The conventional TTI acoustic formulations lead to instability in general TTI media. This tells us that anisotropy is an elastic phenomenon and its acoustic approximations require more physics than just a dispersion relation. We have proposed a new TTI acoustic equation system after revisiting an anisotropic elastic system. The new equation system provides correct kinematics and preserves physical energies. Therefore it can be used for both seismic modeling and prestack migration. To avoid numerical dispersion and retain high resolution, some highorder explicit finite-difference methods need to be applied in a TTI RTM.
Numerical examples show that a stable 3D TTI RTM is achievable with the method proposed here for imaging complex structures such as subsalt in Gulf of Mexico. WAZ data with abundant azimuthal information are becoming the standard dataset for subsalt imaging. The trend of using TTI RTM on WAZ data will continue to increase. 
